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Aluminum matrix composites (AMC) are attractive structural materials for automotive and
aerospace applications. Lightweight, environmental resistance, high specific strength and stiffness,
and good wear resistance are promising characteristics that encourage research and development
activities in AMC in order to extend their applications. Powder metallurgy techniques like mechanical
alloying (MA) are an alternative way to design metal matrix composites, as they are able to achieve a
homogeneous distribution of well dispersed particles inside the metal matrix. In this work, aluminum
has been reinforced with particles of MA956, which is an oxide dispersion strengthened (ODS) iron
base alloy (Fe-Cr-Al) of high Young’s modulus and that incorporates a small volume fraction of
nanometric yttria particles introduced by mechanical alloying. The aim of this work is to investigate the
use of MA to produce AMC reinforced with 5 and 10 vol.% of MA956 alloy particles. Homogeneous
composite powders were obtained after 20 h of milling. The evolution of morphology and particle
size of composite powders was the typical observed in MA. The composite powders produced with
10 vol.% MA956 presented a more accentuated decrease in particle size during the milling, reaching
37 um after 50 h. The thermal stability of the composite and the existence of interface reactions were
investigated aiming further high temperature consolidation processing. Heat treatment at 420 °C
resulted in partial reaction between matrix and reinforcement particles, while at 570 °C the extension

of reaction was complete, with formation in both cases of Al-rich intermetallic phases.
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1. Introduction

Aluminum matrix composites have, in general, improved
properties at elevated temperatures, higher specific strength and
wear resistance than unreinforced matrix alloy'=. Composites
reinforced by discontinuous phases were particularly
promising due to easy processing and great possibility of
applications in the transportation industry (automotive and
rail), aerospace, recreation and infrastructure®>.

Aluminum matrix composites reinforced with ceramic
particles have already found several applications. However,
they suffer from some drawbacks due to the high abrasiveness
and brittleness of the ceramics. Intermetallics particles have
been used as an alternative because of their lower abrasiveness
and brittleness®®. Intermetallics have also thermal expansion
coefficients closer to the aluminum, resulting in a decrease
of the residual stresses in the reinforcement-matrix interface,
thus reducing problems related to thermal fatigue’.

Powder metallurgy (PM) has proved to be a very suitable
method for processing of metal matrix composites because it
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prevents reactions between matrix and reinforcement. But
deleterious reaction products at intermetallic/matrix interfaces
may also form during hot consolidation process or heat
treatments, giving rise to brittle interphases®*1°.

In this work, particles of an Fe-Cr-Al superalloy
(MA956) developed for aerospace application were used as
reinforcement in the aluminum matrix composite. MA956
is an oxide dispersion strengthened alloy (ODS) with a-Fe
matrix, commercially produced by mechanical alloying,
combining good tensile strength and ductility at ambient
temperature''2. The processing route and the reinforcement
by nanoparticles of yttrium oxide result in a combination
of excellent strength and fabricability with outstanding
oxidation and corrosion resistance at temperatures up to
1300 °C, and reasonable creep strength. Despite the high
density of the alloy, 7.25 g/cm® compared with aluminum
alloys and ceramic compounds, the MA956 alloy has lower
density when compared to other superalloys. Also relevant
is its high Young’s modulus (~ 220 GPa) and its thermal



2015; 18(Suppl 2)

expansion coefficient, closer to that of aluminum than that
of ceramic compounds such as SiC.

In this work, Al/5 and 10 vol.% MA956 composites were
obtained by MA. This process was selected to prevent reactions
during the reinforcement dispersion step. Composite powders
obtained after milling times up to 50 h were characterized
to find out the relationship among the stages of MA and the
powder characteristics. The composite powder was submitted
to heat treatments with the aim of evaluating the thermal
stability of composite and the existence of interface reactions.

2. Experimental Procedure

Commercial pure aluminum powder (99.5%) supplied by
ALCOA, with particles size smaller than 100 pm was blended
with 5 and 10 vol. % of MA956 alloy powder. The MA956
alloy was produced by INCO Alloys International with the
following composition Fe-20Cr-4.5A1-0.5Ti-0.5Y,0, (wt.%).
The milling was carried out in high energy Pulverisette
planetary ball mill at 200 rpm with a ball to powder weight
ratio of 20:1 under argon atmosphere. The milled powders
were collected at regular intervals of 2.5, 5, 10, 20 and 50 h
and analyzed by X-ray diffraction (XRD) in a Rigaku, Ultima
IV diffractometer and by scanning electron microscope
(SEM) in a FEI INSPECT microscope equipped with energy
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dispersive X-ray (EDS) detector. For SEM characterization,
small amounts of powders were embedded into Bakelite and
prepared by conventional metallographic techniques. A laser
particle size analyzer, Cilas 1190L, was used to determine the
particle size distribution of powder milled for 50 h. Differential
scanning calorimetry (DSC) measurements were carried out
using a Netzsch DSC 204 F1 FENIX. Powder samples milled
for 50 h were heated at constant rate of 10 °C/min under a
nitrogen atmosphere up to 570 °C. Cold compacted samples
were heat treated at temperatures based on DSC peaks with
the aim of investigate the thermal stability of composite and
the reaction products between the reinforcement phase and
aluminum matrix. The heat treated compacted samples were
characterized by XRD, SEM and EDS analysis.

3. Results and Discussion

Micrographs shown in Figure 1 present the morphological
evolution of powder with milling time. In the early stages
of milling, until 2.5 h, the events of plastic deformation
and cold welding prevail. The tendency at this stage is
that the flake-like particles resulted from the severe plastic
deformation, weld together to form large particles presenting
a characteristic layered structure, Figure 1a. Eventually the
reinforcement particles are trapped between these layers

(d

Figure 1. SEM micrographs obtained by back scattered electrons. (a) Al 5 vol.%MA956 milled for 2.5 h; (b) Al 5 vol.% MA956 milled
for 20 h; (c) Al 10 vol.% MA956 milled for 20 h; (d) Al 10 vol. % MA956 milled for 50 h.
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and with increase in milling time, their complete insertion
into the aluminum particles takes place, Figure 1b, ¢ and d.
As the deformation progresses, the particles work harden
and the tendency to fracture predominates over cold welding
resulting in the refining of particle size. The composite
powders produced with 10 vol.% MA956 presented a more
accentuated decrease in particle size during the milling,
which can be observed by comparing the micrographs of
Figures 1b and ¢ from powders milled for 20 h. Particle
size distribution of samples milled for 50 h, measured by
laser diffraction using Cilas 1190L analyzer, confirmed this
observation. The median value from the histograms (defined
as size where 50% of the particles are larger and smaller)
was taken as the average particle size, resulting in 97 pm
for composite with 5 vol.% MA956 and 37 pum for the one
with 10 vol.% MA956.

The presence of large hard particles into the Al soft
matrix gives rise to a high rate of production of geometrically
necessary dislocations near the particles and to large local strain
gradients. The density of such dislocations is proportional to
the strain gradient, i.e. the amount of plastic strain divided
by the microstructural scale over which this gradient is
created'®. The increase in volume fraction (to 10 vol.%) of
reinforcement phase, MA956 alloy, decreases the interparticle
spacing, increasing the dislocation density and therefore the
work hardening rate of the aluminum matrix. As a result,
the fracture process is started earlier when the reinforcing
volume is higher. This high density of dislocations is also a
strong driving force for faster substructure generation, and
contributes to the grain refinement process'>!#. The composite
produced with 10 vol.% MAO956 presents, after 50 h of
milling, a diffraction pattern with broader peaks than that
for 5 vol.% MA956 one, which is representative of higher
strain and finer crystal size. Figure 2 shows some examples
of X-ray diffraction patterns of mechanically alloyed powder
as a function of milling time. Only peaks related to the Al
and o-Fe phases are present.

Figure 3 presents the DSC curves of composite powders
after milling for 50 h. Three peaks are observed for composite
with 5 vol.% MA956 at 314, 414 and 530 °C, while only
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two peaks can be determined for sample with 10 vol.%, at
321 and 531 °C. The peak at 530 °C presents the same intensity
for both samples whilst the other coincident peak at about
320 °C is much more intense, sharp and well defined in the
composite with 10 vol.% of reinforcement phase, probably
due the higher volume fraction of reinforcement particles
and so a greater volume of reaction phase.

Cold compacted samples were submitted to heat treatment
at 420 °C for 1 and 24 h and at 570 °C for 1 h with the aim
to find out the phases resulting from reactions between
the aluminum matrix and the MA956 particles. The cold
compacted Al 5 vol. % MA956 composite submitted to
420 °C for 1 h already shows indication of reaction between
the matrix and the reinforcement particles. Figures 4a and b
show examples of backscattered images of this composite
where the aluminum matrix appears black, the MA956 alloy
appears white and the dark grey phase corresponds to the
reaction products. Results from EDS analyses performed in
the spots indicated by the numbers 1, 2 and 4 in Figure 4a
are shown in the table inserted in Figure 4. These results
suggest that the dark grey phase, spot 2, is an intermetallic
phase enriched in Al, with composition near of the Al,Fe
phase, while the surrounding white phase, spot 1, seems to
be the o-Fe phase depleted in Cr. Particles as that of spot
4 which does not undergo appreciable reaction maintain
the MA956 composition. The results after 24 h at 420 °C
were similar except that the reaction occurred to a greater
extension, as showed in Figure 5a.

The increase of temperature to 570 °C resulted in a
complete reaction of reinforcement with aluminum matrix.
The SEM micrograph of Figure 5b shows an example of
this condition.

Cold compacted samples of Al 10 vol.% MA956 did
not sinter during the heat treatment, so the metallographic
preparation of such samples was not possible. Thereby, for
SEM observation, loose powders milled for 50 h were heated
up to 330 °C and up to 570 °C in the DSC furnace, embedded
into Bakelite and prepared by conventional metallographic
techniques. Figure 6 shows examples of composite particle
powders heated up to 570 °C, where the inner reinforcement
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Figure 2. XRD patterns of mechanically alloyed powder as a function of milling time. (a) Al_5 vol.% MA956; (b) Al 10 vol.% MA956.
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particles have almost fully reacted. Figure 6b presents the
results of EDS analyses performed in the spots indicated by
the numbers 1, 2 and 3. These results suggest that the white

|5 vol.% MAQ56

10 vol.% MA956
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Figure 3. DSC curves of composite powders milled for 50 h
(the heating rate of DSC is 10 °C/min).
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phase, spot 1, is the remaining a-Fe (MA956 alloy), while
the grey phase, spot 2, is an intermetallic phase enriched
in Al, similar to that found in the Al 5 vol.% MA956.
The surrounding phase, spot 3, is the aluminum matrix
enriched in Cr and Fe. Figure 6¢ shows a EDS mapping
performed in the region of Figure 6b. The samples heated
up to 330 °C did not show any evidence of reaction by SEM,
even when the temperature was maintained for 30 min.
The identification of phases formed by the reaction
between the MA956 alloy particles and the aluminum
matrix during the heat treatments was performed by X-ray
diffraction. Figures 7a and b show the X-ray patterns for the
composites produced with 5 vol.% MA956. It was observed
after the treatment at 420 °C the formation of AlFe, (ICDD
No. 050-0955), FeAl, (ICDD No. 001-1265) and Al Fe (ICDD
No. 047-1433) phases, while after 570 °C the main reaction
phase is the intermetallic Al ;Fe, (ICDD No. 029-0042). Most
of these intermetallics are equilibrium phases, present in the
Al-Fe phase diagram. No ternary phase with Cr was identified.
The patterns for the composite Al 10 vol.% MA956, showed
in Figures 7c¢ and d, are very similar except by the higher

Spot 1

1.10 2.10 3.10 4.10 5.10 6.10 7.10 8.10 9.10 10.10 11.10 keV

Al

Fe Fe

Spot 2

1.10 2.10 3.10 4.10 5.10 6.10 7.10 8.10 9.10 10.10 11.10 keV

Spot 4

1.10 2.10 3.10 4.10 5.10 6.10 7.10 8.10 9.10 10.10 11.10 keV

Spot Fe (Wt% / at%) Cr (Wt% / at%) Al (Wt% / at%)
1 90.3/83.1 1.9/1.9 78/15
2 36.9/222 1.4/09 61.7/76.9
4 74.2/68.2 18.9/18.6 6.9/13.2

Figure 4. (a) and (b) Backscattered image of a Al 5 vol.% MA956 cold compact, heated for 1 h at 420 °C. EDS spectra are relative to

spots 1, 2 and 4 on Figure 3a. Inserted table presents the chemical composition by EDS obtained from spots 1, 2 and 4.
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intensity of peaks from the intermetallic phases resulting  intermetallic phases in the particle/matrix interface. As the
from their higher volume fraction. reaction seems to be controlled by Al diffusion into the

Results show that the reaction proceeds by the diffusion =~ MA956 particles, the stoichiometric relation between Al
of aluminum into MA956 particles with formation of and Fe in the intermetallic phases tends to be richer in Al

(@) a )

Figure 5. Backscattered image of Al 5 vol.% MA956 cold compact, heated for 24 h at 420 °C. (b) Backscattered image of Al 5 vol. %MA956
cold compact, heated for 1 h at 570 °C.

Spot | Fe (wt% / at%) | Cr (wt% / at%) Al (Wt% / at%)
1 74.5/68.8 19/18.8 6.5/124
2 28.8/17.1 7.6/4.9 63.6/78.0
3 17.0/9.2 47128 78.3/88.0
(b)

Al

(c)

Figure 6. (a) and (b) Backscattered image of a Al 10 vol.% MA956 composite powder heated up to 570 °C. Inserted table in (b) presents
the EDS results obtained from spots 1, 2 and 3. (¢) EDS mapping showing the distribution of Fe, Cr and Al in the region of Figure 6b.
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as the temperature is higher or as the diffusion distances are
smaller (periphery of the reinforcing particles). Chromium
seems to diffuse in the opposite direction, since there was
depletion of this element in the a-Fe phase.

The results showed that the MA956 alloy is not stable
under heat treatments at 420 °C and 570 °C. The results
related to phase stability are very important to define the
parameters for subsequent hot consolidation processing,
as for instance the definition of the extrusion temperature.
Extrusion of aluminum alloys are usually performed at
temperatures between 400 °C to 450 °C. The results showed
that at 420 °C for 1 h the reaction between reinforcement
particles and aluminum matrix was partial. So, it can be
expected that during the extrusion process that takes a few
minutes at typical speeds of 2 mm/s, the reaction will occur
in an even less extensive way.

The stability of the reinforcement phase is also more
important if the matrix is an age hardenable aluminum alloy,
once a solution heat treatment step would be necessary
which normally takes place at temperatures of about 500 °C.
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Lieblich et al.'®"® have studied the stability of aluminum
and aluminum alloys reinforced by the intermetallic phase
Ni,Al and showed that when the unalloyed Al was used
the composite was thermally stable at 300 °C up to 1000 h.
Above this temperature, dissolution of Ni,Al occurred with
formation of an outer AL,Ni layer and an intermediate AL Ni,.
However, when the composite matrix was an alloy as the
AA6061, the reaction product contained alloying elements
as Siand Mg, and as a consequence, the age hardenability of
the alloy was lost because of the depletion of solute elements
in the matrix during the solution treatment. The mechanical
properties of AA2124 aluminum alloy reinforced with several
intermetallic particles as Ni,Al, NiAl, Cr,Si and MoSi,
were founded directly related with the thermal stability of
the composites during processing and subsequent thermal
treatment. The best properties were presented by the most
thermally stable system®.

Recently, Xue et al.'* have showed that a core—shell
structured particulate reinforced Al matrix composite as
presented in this work in Figure 5a, can be beneficial for
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Figure 7. XRD patterns of composite samples after milling for 50 h. (a) Al_5 vol.% MA9556 after heat treatment at 420 °C/1 h; (b) AL S
vol.% MA9556 after heat treatment at 570 °C/1 h; (c) Al 10 vol.% MA9556 after heat treatment at 420 °C/1 h and (d) Al 10 vol.%

MA9556 after heat treatment at 570 °C/1 h.
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mechanical properties as the soft Al matrix and soft Fe core
could effectively inhibit the crack propagation once cracks
are nucleated from the intermetallic shell during plastic
deformation, resulting in the preservation of the ductility
as well as the improved strength.

Extrusion of the composites obtained by mechanical
alloying in the present paper in the temperature range of about
400-450 °C followed by a microstructural and mechanical
characterization of extruded samples are goals for the next
stage of development of this research.

4. Conclusions

Composites Al MA956 with 5 and 10 vol.% were
successfully produced by mechanical alloying (MA). A fine
and homogeneous dispersion of the MA956 reinforcement
particles was obtained after 20 h of milling. The evolution of
morphology and particle size of composite powders was the
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